Several flowers of Tulipa gesneriana exhibit a blue color in the bottom segments of the inner perianth. We have previously reported the inner-bottom tissue-specific iron accumulation and expression of the vacuolar iron transporter, TgVit1, in tulip cv. Murasakizuisho. To clarify whether the TgVit1-dependent iron accumulation and blue-color development in tulip petals are universal, we analyzed anthocyanin, its co-pigment components, iron contents and the expression of TgVit1 mRNA in 13 cultivars which show a blue color in the bottom segments of the inner perianth accompanying yellow-and white-colored inner-bottom petals. All of the blue bottom segments contained the same anthocyanin component, delphinidin 3-rutinoside. The flavonol composition varied with cultivar and tissue part. The major flavonol in the bottom segments of the inner perianth was rutin. The iron content in the upper part was less than that in the bottom segments of the inner perianth. The iron content in the yellow and white petals was higher in the bottom segment of the inner perianth than in the upper tissues. TgVit1 mRNA expression was apparent in all of the bottom tissues of the inner perianth. The result of a reproduction experiment by mixing the constituents suggests that the blue coloration in tulip petals is generally caused by iron complexation to delphinidin 3-rutinoside and that the iron complex is solubilized and stabilized by flavonol glycosides. TgVit1-dependent iron accumulation in the bottom segments of the inner perianth might be controlled by an unknown system that differentiated the upper parts and bottom segments of the inner perianth.
Several flowers of Tulipa gesneriana exhibit a blue color in the bottom segments of the inner perianth. We have previously reported the inner-bottom tissue-specific iron accumulation and expression of the vacuolar iron transporter, TgVit1, in tulip cv. Murasakizuisho. To clarify whether the TgVit1-dependent iron accumulation and blue-color development in tulip petals are universal, we analyzed anthocyanin, its co-pigment components, iron contents and the expression of TgVit1 mRNA in 13 cultivars which show a blue color in the bottom segments of the inner perianth accompanying yellow-and white-colored inner-bottom petals. All of the blue bottom segments contained the same anthocyanin component, delphinidin 3-rutinoside. The flavonol composition varied with cultivar and tissue part. The major flavonol in the bottom segments of the inner perianth was rutin. The iron content in the upper part was less than that in the bottom segments of the inner perianth. The iron content in the yellow and white petals was higher in the bottom segment of the inner perianth than in the upper tissues. TgVit1 mRNA expression was apparent in all of the bottom tissues of the inner perianth. The result of a reproduction experiment by mixing the constituents suggests that the blue coloration in tulip petals is generally caused by iron complexation to delphinidin 3-rutinoside and that the iron complex is solubilized and stabilized by flavonol glycosides. TgVit1-dependent iron accumulation in the bottom segments of the inner perianth might be controlled by an unknown system that differentiated the upper parts and bottom segments of the inner perianth.
Key words: blue flower coloration; delphinidin 3-rutinoside; iron accumulation; Tulipa gesneriana; vacuolar iron transporter Producing a new blue flower is a fascinating task for horticultural breeders, and the tulip, Tulipa gesneriana, is a recognized target plant. 1, 2) Unlike roses, chrysanthemums or carnations, several flowers of T. gesneriana exhibit a blue color in the bottom segments of the inner perianth. The tulip cultivar, cv. Murasakizuisho, is bred in Toyama prefecture and has blue-colored bottom segments of the inner perianth with purple-colored upper perianth parts. We have previously studied the mechanism for the blue and purple color development in cv. Murasakizuisho and found that both colors were mediated by the same anthocyanin and co-pigment components, delphinidin 3-rutinoside (1), manghaslin (2) , rutin (3) and mauritianin (4) , under the same vacuolar pH value of approximately 5.6. The mechanism for the differing color development was caused by the iron ion content. The concentration of iron ions was approximately 9.5 mM in the blue cells and 0.4 mM in the purple cells.
3) The blue color was developed by iron complexation with 1, and the flavonols might have stabilized the complex as co-pigments. We have also cloned the vacuolar iron transporter gene, TgVit1, from the blue tissue and demonstrated that TgVit1 was only expressed in the blue epidermis.
4) The TgVit1 gene showed iron transport activity and transient expression of this gene in the upper purple petals of T. gesneriana cv. Murasakizuisho induced a blue color change in TgVit1-overexpressing cells. 4) These results suggested the critical role of TgVit1 in the blue coloration. 4) In addition to cv. Murasakizuisho, several tulip flowers display a blue color in the bottom segments of the inner perianth. To clarify whether the TgVit1-dependent iron accumulation found in cv. Murasakizuisho might universally induce the development of blue-colored tulip petals, we performed analytical studies of various tulip petals with blue inner segments and other upper perianth parts colored purple, red, pink and dark-purple. We also analyzed white and yellow petals to investigate the relationship between the coloration and iron concentration. We chose 15 cultivars and separated the harvested petals into the bottom segments and upper parts. We quantified the total anthocyanin content after the color analysis. The composition of anthocyanin and co-pigment components and the iron content were respectively analyzed by using HPLC and ICP-AES. The expression of the TgVit1 gene was determined by a quantitative PCR analysis. We found that all of the bottom segments of the inner perianth contained a larger amount of iron than the upper perianth parts. In addition, only the bottom segments of the inner perianth expressed the TgVit1 gene. We also performed reproduction experiments to generate the blue petal color by mixing the petal components. Our results implicate the requirement for both the ferric ion and flavonol to develop the blue coloration in tulips.
4)

Materials and Methods
General. UV/Vis spectra were recorded with a Jasco V-560 spectrometer.
1 H-NMR spectra were measured with a Varian UNITY Plus 500 spectrometer ( 1 H at 500 MHz) at room temperature, using CD 3 OD-CF 3 OOD (9:1) as the solvent. Analytical HPLC was conducted by our method with an ODS column (Develosil ODS-HG5, 2:0 mm id. Â 250 mm, Nomura Chemical) with some modifications. 5, 6) The chromatography was performed by eluting at 0.2 mL/min with a linear gradient from 10% to 90% CH 3 CN in H 2 O containing 0.5% TFA for 35 min at 40 C. The elemental analysis was conducted with a Vista-Pro ICP-AES instrument (Seiko Instruments/Varian Instruments).
Plant materials. Fifteen cultivars of T. gesneriana were evaluated in this study. All of the tulip plants were grown from 2009-2011 on a farm at the Horticultural Research Institute of Toyama Prefectural Agricultural, Forestry and Fisheries Research Center under typical field conditions. Flower development was divided into four stages as previously described. 4) We used petals at stage 3 for the quantitative PCR analysis and at stage 4 for the color measurements and other chemical analyses, including an HPLC analysis of anthocyanins and flavonols and quantification of the total anthocyanin and iron contents. Fresh petals were cut with a razor blade and sorted into the upper parts and bottom segments. Segmented epidermal tissues were removed with tweezers. The collected samples were stored at À80 C until needed.
Measurement of color differences. Coloration values (L Ã , a Ã , b Ã ) for the upper parts and inner bottom segments of the fresh petals of each flower were measured with a CM-2600d spectrophotometer (Konica Minolta, Tokyo, Japan). The measurements were performed three times, and each average value was calculated.
Quantification of anthocyanin. Three independent batches of frozen epidermal tissues (ca. 0.1 g fresh weight) from each tulip cultivar were extracted with 0.1% HCl-MeOH (5 mL) for 24 h at room temperature. Each extract was centrifuged at 1;000 Â g for 5 min to give a supernatant which was used for the quantification. The total anthocyanin content in each sample was spectrophotometrically quantified as an equivalent of authentic delphinidin 3-rutinoside (1), using the absorbance at the absorption maximum wavelength (543 nm, ": 26,000, at 25 C), by visible absorption spectroscopy, and values are presented as the average AE standard error (SE) (n ¼ 3).
HPLC analysis of anthocyanin and flavonol in the petals. The frozen epidermal tissues (ca. 0.1 g fresh weight) were extracted with 1 mL of 50% CH 3 CN in H 2 O containing 3% TFA, and the mixture was allowed to stand at room temperature for 24 h. The extract was centrifuged (20;600 Â g for 5 min), and the obtained supernatant (5 mL) was analyzed by HPLC as already described.
Isolation of pelargonidin 3-rutinoside (6) from T. gesneriana cv. Beator. The red upper petals of T. gesneriana cv. Beator (170 g) were extracted with 2.5 L of MeOH containing 3.0% TFA. The extract was evaporated under reduced pressure, and the condensed extract was subjected chromatography in an Amberlite XAD-7 column (40 mm id. Â 260 mm). The chromatography was performed by using stepwise gradient elution from 0.1% TFA-H 2 O to 20% CH 3 CN in H 2 O containing 0.1% TFA. The 15% CH 3 CN in H 2 O fraction was evaporated to yield a crude anthocyanin. Further separation was performed by preparative HPLC in the ODS-column (Develosil C30-UG-5, 20 mm id. Â 250 mm, Nomura Chemical). The column was eluted at 30 C with 13% CH 3 CN in H 2 O containing 0.38% TFA at a flow rate of 5.0 mL/min. The fractions containing anthocyanin were finally purified by chromatography in an LH-20 column (60 mm id. Â 250 mm), eluting at room temperature with 5% CH 3 CN in H 2 O containing 0.38% TFA at a flow rate of 1.7 mL/min. The anthocyanin fraction was dried in vacuo to yield pure 6 (4.0 mg) as dark red TFA salts.
Quantification of the iron content. The frozen epidermal tissues (ca. 0.1 g fresh weight) were transferred into a Teflon tube and incubated at room temperature for 16 h with 1 mL of concentrated HNO 3 (69-70% of metal analysis grade, Wako, Osaka, Japan). The mixture was further incubated with 1 mL of concentrated HNO 3 , then, heated to 105 C. After 2 h, 200 mL of 30% H 2 O 2 in H 2 O was added to the tube, and the mixture heated at 160 C for 16 h, then, cooled to room temperature. Ultra-pure water was added to the tube to adjust the total weight of the sample solution to 14 g. The prepared sample was analyzed with the Vista-Pro ICP-AES system. The iron ion content was quantified by using a calibration curve for ICP multi-element standard solution IV (Merck, Darmstadt, Germany).
Quantitative PCR analysis. Total RNA was isolated from epidermal cells of the upper parts and the inner bottom segments by using the Plant RNA Isolation reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Isolated RNA was treated with DNase I (Takara, Otsu, Japan), and 2 mg of total RNA was subjected to first-strand cDNA synthesis by using the High Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA, USA). Quantitative PCR was performed by using 2 mL of dilute (1:10) cDNA and the Step One Plus Real-time PCR system (Applied Biosystems) with the TaqMan Ò Gene Expression Master Mix (Applied Biosystems). The following probe and primers were used:
Reproduction of the blue petal color. Stock solutions of anthocyanin (1, 20mM in H 2 O), the co-pigment (3, 200 mM in MeOH), and
were mixed in a buffer solution of 100 mM AcOH-AcONa at pH 5.6 to final concentrations of 5 mM (1), 0-10 mM (3) and 0-5 mM (Fe 2þ ). The UV/Vis absorption spectra were recorded at room temperature by using a quartz cuvette of 0.1 mm path length.
Results
Colorimetric measurements of the petals
We selected 12 cultivars of T. gesneriana that displayed blue inner bottom segments with purple, red, pink or dark-purple colored upper parts from cultivars stocked at the Horticultural Research Institute of the Toyama Prefectural Agricultural, Forestry and Fisheries Research Center (Fig. 1) . We selected cv. Murasakizuisho (Fig. 1A ) for use as a control. The yellow petal, cv. Kikomachi (Fig. 1N) , and the white petal, cv. Albino (Fig. 1O) , were also chosen for comparison because they have yellow or white petals and no blue bottom petals. The fresh petals at stage 4 were harvested, and their color differences were characterized by using a colorimeter ( Table 1 ). All of the blue inner bottom petals, except for cv. Louis XIV (Fig. 1E) showed negative b Ã values, indicating that the petals contained a blue color. The a Ã values for all of the blue petal segments were lower than those for the upper petal parts of the same cultivar.
Anthocyanin contents of the epidermal petal tissue
We have previously reported that the colored cells were located in the adaxial and abaxial epidermis of the tulip petal tissues. 3, 4) We therefore peeled the colored epidermis of fresh petals to quantify the petal anthocyanins. Each frozen epidermis was extracted with 0.1% HCl-MeOH, and the Vis absorption spectrum of the supernatant was measured. All of the extracts from the bottom segments with the exceptions of those from the yellow cultivar (Fig. 1N ) and the white cultivar (Fig. 1O ) displayed vis max at around 540 nm in their Vis absorption spectra, indicating that these parts may contain anthocyanins with delphinidin chromophores such as 1. The spectra of extracts of the upper part indicated that cv. Beator with red petals (Fig. 1B) and cv. Cherry Blossom with pink petals (Fig. 1D) showed different vis max values. However, all of the other cultivars showed similar vis max at 540 nm, suggesting that these parts may also contain anthocyanins with the delphinidin chromophore. The respective Vis spectra of extracts of the upper part of Beator and Cherry Blossom showed vis max at 516 nm and 528 nm, indicating the presence of cyanidin or pelargonidin chromophores.
The anthocyanin content of each cultivar was quantified by using the absorbance at vis max of the 1 equivalent ( Table 1 ). The anthocyanin content in blue perianth bottom segments varied from 4.0 to 91.5 mmol/g fresh weight (Table 1 ). The dark-colored petals with low L Ã values of cultivars cv. Black Eagle (Fig. 1H) , Zindu (Fig. 1I ), Black Beauty (Fig. 1J ), Black Parrot (Fig. 1K ), Black Horse (Fig. 1L) and Queen of Night (Fig. 1M ) had anthocyanin contents of higher than 20 mmol/g fresh weight. No anthocyanins were detected in the yellow and white petals.
Anthocyanin and flavonol composition of the epidermal petals
To determine the relative composition of anthocyanin and flavonol in the petals, the epidermal tissues were extracted with 50% CH 3 CN in H 2 O containing 3% TFA, and the extracts were analyzed by photodiode arraydetected ODS-HPLC. Each peak was identified by co-chromatography and compared with the spectra of authentic samples, including 1, 3) 3 and 5. 7) An authentic sample of 6 was not commercially available, so we purified 6 from the red tulip petals of cv. Beator (Fig. 1B) . The structure was identified by analyzing the 1 H-NMR spectrum and comparing the results with previously published data. 8, 9) Table 2 shows that all samples of the blue perianth-bottom epidermis (Fig. 1A to M) contained 1 as the major anthocyanin component. The relative content of 1 in all of the anthocyanin components was more than 80%. Compound 1 was also detected as the major anthocyanin component in the purple epidermis of the upper part (Fig. 1A, C, E to M) . However, the red upper petal parts of Beator (Fig. 1B) contained 6, but not 1. The pink colored petals of Cherry Blossom (Fig. 1D) contained 5 as the major anthocyanin component. An analysis of the co-pigment components revealed several peaks in all of the petals of the bottom segments and upper parts. The major components were quercetin glycosides (2 and 3) without any color differences in these tissues.
Iron content of the epidermal petals
The iron content in the epidermis was quantified by ashing the tissues and then performing ICP-AES measurements ( Table 2 ). The content of iron in the epidermis of the blue bottom segments of the perianth (Fig. 1A to M) was higher than 1.0 mmol/g fresh weight, some cultivars containing 2.0 mmol/g fresh weight or more. The iron content of the upper part was relatively low, being 1/5 to 1/10 of that in the bottom segments ( Table 2 ). The iron contents in the yellow and white cultivars (Fig. 1N, O) were low, being 0.3 mmol/g fresh weight in the bottom segments and 0.1 mmol/g fresh weight in the upper parts. However, we observed that the iron content in the bottom segments was three times higher than that in upper parts of the yellow and white cultivars.
The molar equivalent of the iron content to anthocyanin in each cultivar was calculated as shown in Fig. 2 . The iron content ratio was 0.1 eq. and more in most of the bottom blue segments, only cv. Black Eagle (Fig. 1H ) and cv. Queen of Night (Fig. 1M) displaying an iron content of 0.04 eq. The Fe/anthocyanin ratio in the upper epidermis was 0.002-0.03 eq. mRNA expression of the vacuolar iron transporter, TgVit1
We have previously reported that the iron ion accumulation in the bottom segments of the tulip petals was mediated by the TgVit1 expression. 4) To confirm the correlation between the iron ion accumulation and the expression of the vacuolar iron transporter, we analyzed the expression of TgVit1 mRNA in the epidermal tissue of the bottom segments and upper parts of the inner perianth by using real-time PCR (Fig. 3) . Total RNA was extracted from each petal, and the PCR reaction was performed by using primers that were designed from the c-DNA sequence of TgVit1. PCR products were obtained regardless of the petal color in all the samples that had been prepared from the bottom segments of the perianth tissue (Fig. 3) . The relative content varied from 1 to 8 times that of cv. Murasakizuisho which was used as a standard. TgVit1 expression was nearly undetectable in all samples of the upper parts.
Reproduction of the blue color by mixing the petal components
In the blue epidermis tissues of the inner perianth bottom, the iron ion equivalents to anthocyanin were 0.1 to 0.4 eq. lower than our previous data that had been obtained by an analysis of colored protoplasts using cv. Murasakizuisho.
3) The ferric ion uses an octahedral complex; one ferric ion can therefore form a complex The color differences of petals were measured with a colorimeter. The composition of pigments in the epidermis was analyzed with photodiode array-detection ODS-HPLC. ND, not detected.
with three molecules of anthocyanins by using the ortho-dihydroxy groups in the B-ring. [10] [11] [12] We investigated whether 0.1 eq. of the iron ion was enough to induce a blue color at the same intensity as that found in the tulip petals. We attempted to reproduce the petal color by mixing the components, 1, 3 and Fe 2þ with this composition in a buffered solution at pH 5.6, this being the same pH value as the vacuolar pH of cv. Murasakizuisho.
3) We used the ferrous ion instead of the ferric ion for reproduction according to our previous experiments. 13, 14) Delphidinin 3-rutinoside (1, 5.0 mM), rutin (3, 0-2.0 eq. to 1) and various amounts of the ferrous ion (0-1.0 eq. to 1) were mixed in the buffer, and the UV-Vis absorption spectra were recorded for a path length of 0.1 mm. Figure 4 shows that the addition of 0.1 eq. of Fe 2þ to the mixture of 1 and 3 (2.0 eq. to 1) gave a blue solution with vis max at 629 nm. Increase of Fe 2þ equivalent to 1 from 0.1 to 0.5 and 1.0 eq. respectively resulted in a similar blue solution with slightly different spectra for vis max at 631 nm and 627 nm. Interestingly, the absorbance increased with increasing Fe 2þ equivalent from 0.75 (0.1 eq.), 0.94 (0.5 eq.), and 1.03 (1.0 eq.). The mixture of 1 and 3 (2.0 eq. to 1) without Fe 2þ gave a purple-colored solution ( vis max at 542 nm) similarly to that previously reported.
3) The mixture of 1 and Fe 2þ (0.1 to 1.0 eq. to 1) without flavonol (3) gave a blue-blackcolored solution at first, but the color of all the mixtures was very unstable and a blue-black-colored precipitate quickly appeared. A similar blue-colored solution was obtained when the ferric ion was added to the mixture containing 1 and 3, instead of the ferrous ion. The bluecolored solutions obtained by mixing 1, 3 and Fe 2þ or Fe 3þ were stable for more than 24 h.
Discussion
We have elucidated in previous studies that the blue color development of the bottom segments of the inner The expression of TgVit1 mRNA in the epidermal cells was normalized to that of the blue inner bottom tissues of cv. Murasakizuisho which was set to 1 (average AE SE, n ¼ 3). Unfilled bars indicate the upper parts, and black bars indicate inner bottom perianth segments. perianth of cv. Murasakizuisho (Fig. 1A) was mediated by complexation of the ferric ion to delphinidin 3-rutinoside (1).
3) We analyzed 12 other cultivars to determine whether this mechanism was universal in blue tulip petal coloration. We also studied yellow and white cultivars for comparative purposes. We recorded the coloration values (L Ã , a Ã , b Ã ) to obtain quantitative data for the presented color. To clarify the difference in anthocyanin composition between the inner blue segments and the upper parts of each cultivar, we extracted the epidermal petal tissues with an acidic solution and analyzed the extracts by HPLC. The major anthocyanin in all of the blue segments was delphinidin 3-rutinoside (1; Table 1 ). However, the anthocyanin in the upper part differed, this being indicated by the petal color ( Table 1 ). The respective pigments in purple, red (cv. Beator, Fig. 1B ) and pink (cv. Cherry Blossom, Fig. 1D ) petals were 1, pelargonidin 3-rutinoside (6) and cyanidin 3-rutinoside (5). These findings are consistent with the finding that the increased number of OH groups in the B-ring of the anthocyanidin chromophore increased the intensity of the blue color development in flower petals. 12, 15, 16) The HPLC analysis revealed that the major co-pigment components in tulip petals were the flavonol glycosides, manghaslin (2), rutin (3) and mauritianin (4) . The anthocyanins in horticultural varieties of tulip petals have been well studied, [17] [18] [19] [20] and rutinosides have been found in the glycosylation patterns. This finding was confirmed in our study. The enzyme that mediates rutinoside synthesis might be upregulated on the flavonoid biosynthetic pathway in tulip petals.
Since the major anthocyanin in the blue parts was delphinidin 3-rutinoside (1), we elucidated the metals that were important for generating the blue coloration. Mg 2þ , Al 3þ and Zn 2þ , but not Fe 2þ or Fe 3þ , were essential metal ions for the previously proven blue coloration in delphinidin-based anthocyanin. 5, 12, 21, 22) To elucidate the essential metal ions for the blue tulip petal segment, we performed an elemental analysis of the epidermal tissues by ICP-AES. The iron ion was detected as a major metal component (Table 2) . Although the valency of the iron ion, whether Fe 2þ or Fe 3þ , was not determined using this method, we presumed it to be Fe 3þ from the our former results. 3, 13, 14) In the blue petals that is mediated by the formation of the metal complex, the ratio of the iron ion to anthocyanin must be controlled within a certain range. [12] [13] [14] We, therefore, quantified the anthocyanin content in the fresh petal epidermis by measuring the absorbance of the red color of tissue that had been extracted by using HCl-MeOH and calculating the iron equivalent value. Figure 2 shows that the iron equivalent in the blue bottom segments ranged from 0.04 to 0.4, whereas the iron equivalent in the upper parts was relatively lower, with a value ranging from 0.002 to 0.01. Our previous study of cv. Murasakizuisho using protoplasts showed that an iron equivalent to anthocyanin (1) was approximately 1 eq.
3) However, in this present study using the peeled epidermis the iron equivalent data for cv. Murasakizuisho was 0.2 eq., being lower than our previous data. This might be caused by differences in the samples and treatment of the petals. Interestingly, the yellow flower, cv. Kikomachi (Fig. 1N) , and white flower, cv. Albino (Fig. 1O) , also exhibited the same phenomenon, showing that the iron content in the bottom segments of the inner perianth was higher than that in the upper perianth. These results indicate that an unknown mechanism in tulip petals promotes an accumulation of the iron ion in the lower-perianth tissues.
We hypothesized that the accumulation of iron ions in the bottom tissue in other cultivars was caused by the expression of the TgVit1 protein. We therefore measured the expression of TgVit1 mRNA (Fig. 3) . As expected, the expression of the mRNA was observed in the bottom tissues of all of the cultivars, even in the yellow and white petals. However, in the upper petal epidermis, the amount of TgVit1 mRNA expression was low. After the data had been normalized to the TgVit1 mRNA expression of cv. Murasakizuisho (Fig. 1A) , we observed that the TgVit1 mRNA expression in cv. Beator (Fig. 1B) was five times higher and that in cv. Violet Gem (Fig. 1F) was eight times higher than the TgVit1 mRNA expression in cv. Murasakizuisho. These results confirm that the accumulation of iron ions in the bottom segments of the inner perianth of the tulip correlates with the TgVit1 mRNA expression. The mechanism for the blue color development by TgVit1-dependent iron ion accumulation in vacuoles that we first observed in cv. Murasakizuisho 3, 4) may be universal for blue tulip petals. 23) In addition to these blue-colored petals, the yellow and white petals at the inner perianth also accumulated a higher amount of iron than that of the upper part, and TgVit1 mRNA was expressed in these petals. These data may suggest a relationship between the differentiation of the segments of the inner bottom as apparatus for the flower-opening and closing system. However, an opposite results were observed in other non-blue petals, 23) so whether the origin of TgVit1 may have some correlation with flower-opening and closing and/or blue coloration remains to be studied for the tulip.
We lastly reproduced the blue color in petals. In our previous study of cv. Murasakizuisho the iron ion equivalent to anthocyanin (1) in the reproduction mixture was fixed as 1 eq.
3) However, in this present study we experimented with a lower iron ion equivalent according to the analytical results (Fig. 2) to confirm that the lower equivalent of iron ion would be sufficient for blue coloration. We did this because, in the clear blue cornflower and Meconopsis petals, the ferric ion content is critically controlled to be 1/6 equivalent to anthocyanin, [12] [13] [14] and it is not know whether 1.0 eq. or more of the amount of iron ions would be essential for blue tulip color development. We performed reproduction experiments by mixing 1 (5 mM) and flavonol (3) with various amounts of the ferrous ion (0-1.0 eq. to 1) at pH 5.6, since there was no difference between the results using ferric and ferrous ions in our preliminary studies and previous reports. 13, 14) The ferrous ion was oxidized to the ferric ion during the formation of a metal complex, 13) so we selected the ferrous ion in this experiment for its solubility in water. Figure 4 shows that the addition of 0.1 eq. of Fe 2þ to the mixture of 1 and 3 (2 eq. to 1) was enough to obtain a blue solution with the similar shade to that of the blue petals (Fig. 4, thin solid line) . Increasing the equivalent of Fe 2þ gave an increase in the absorbance of the solution, indicating that the blue complex might be more stabilized (Fig. 4 , dashed-dotted line and thick solid line, respectively). A comparison between the results of the previous experiment (1 at 1 mM) 3) and the present results (1 at 5 mM) shows that a high concentration of anthocyanin such as that found in plant vacuoles (>5 mM) promoted metal coordination and improved stabilization of the blue complex pigment. Flavonols were also essential for the blue coloration of tulips. The mixture of 1 and Fe 2þ without rutin (3) gave a very unstable blue-black-colored suspension, not a solution (Fig. 4, dotted line) . This strongly suggests that the iron complex of 1 may be insoluble in water. Rutin, as a co-pigment, solubilized the iron complex as we had reported for the Al 3þ complex of delphinidin 3-glucoside in the blue hydrangea. 24) The interaction between 1 and 3 is shown by the bathochromic shift (10 nm) of the spectrum obtained by the addition of 2.0 eq. of 3 (Fig. 4,  dashed line) .
We have demonstrated in the current study that the comparative part of blue coloration in tulip petals was developed by the ferric ion complex of delphinidin 3-rutinoside (1) and that this complex may be solubilized and stabilized by glycosylflavonols as co-pigments. The color difference of each blue segment might be caused by the iron ion content. The epidermal tissues of the inner bottom segments of the perianth in tulip petals use a mechanism to mediate the accumulation of iron ions in vacuoles regardless of the petal color. The biosynthesis of anthocyanin pigments may be different between the bottom segments and upper parts. The role of iron ion accumulation in tulip petals and the mechanism for the functional differences between the inner bottom of the perianth and the upper parts require further investigation.
